Introduction
Cerebral function is not easily studied in the human newborn. Neonatal neurologic reflexes, except those to visual stimuli, depend mainly upon structures other than cerebrum, and clinically are difficult to measure reliably. By contrast, visual evoked responses recorded from scalp EEG have been used to study quantitatively the bioelectric function and maturation of cerebral visual pathways in the neonate [4, 8, 16] . When summated by signal averagers, a visual evoked response (VER) to light flashes is consistently present in normal term and most premature infants. In this report, summed VER's to single and to paired light flashes were studied in 24 low birth weight infants, 13 of whom had respiratory difficulties during the recording (Table I) . The results in the two infant groups were compared to determine whether acute abnormalities of cerebral bioelectric function, as measured by the VER, occur in association with hypoxemia.
Subjects and Methods
Visual evoked responses to paired and single light flashes were recorded from midline occipital scalp regions in 24 low birth weight newborn infants during 69 EEG recording sessions. Recording electrodes (Beckman AgCl) were applied, using electrode paste and adhesive collars at the inion, 2 cm above the inion, at the vertex, and midway between vertex and nasion.
Reference electrodes were applied to both ears. Resistances of 5,000-15,000 ohms were usually obtained. Electrodes applied to both ears were connected to grid 1 and the scalp electrodes were connected to grid 2 of a Grass model 6 electroencephalograph. The signals from the EEG amplifiers were summed algebraically on line, using a computer of average transients [17] . Prior to each recording session, a defined unidirectional square wave signal (20 py) was processed in the same way as the EEG signal and was used to calibrate the recording system. A photic stimulator, Grass model Ps2, set at maximal intensity, was placed 15-25 cm from the infant's face. Single or paired flash stimuli were delivered every 4 sec. Evoked responses to 50 or 100 consecutive single flashes were summed alternately with responses to 50 or 100 consecutive paired flashes of a constant defined interstimulus interval. The interstimulus intervals of the paired stimuli were 25, 50, 100, 150, 200, 250, and 350, or 500 msec. In the 11 stable infants at each EEG session of 4-6 hr, two to four summed VER's were recorded at each interstimulus interval (Table II) and written out on graph paper using an x-y plotter. The VER's to paired flashes from all subjects were inspected for R lt which is the summed response to the first stimulus of the pairs, and for R 2 , the summed response to the second stimulus. The R 2 was identified by noting waves of the appropriate latency and polarity which were not present in the summed response to single flashes (Fig. 1 ).
Thirteen infants were studied during periods of moderate to severe respiratory disorder including respiratory distress, apneic episodes, or airway obstrucVisual evoked responses in low birth weight infants 205 tion, or combinations of the three. Respiratory distress was denned as a respiratory rate exceeding 65/min on two or more occasions, grunting respirations lasting more than 1 hr, or generalized cyanosis when breathing room air. The 11 stable infants had no respiratory distress at the time of the recording, although there was a history of severe birth asphyxia in 4 of them. In addition, recordings were obtained in the terminal period 30 min-8 hr preceding death in six infants with respiratory disorders. Complete autopsies were obtained in 10 infants, and in 1 infant the lungs but not the brain were examined. Surviving infants were studied every 2-3 weeks, using the same stimulus and recording conditions until discharged from the nursery. Blood samples in 4 stable infants and 13 infants with respiratory disorders were obtained from the umbilical artery or from warmed heel puncture at least once during the recording session. In addition, blood gas measurements were obtained in 7 of the 13 infants following the onset of each recognized episode of airway difficulty or acute cyanosis. The summed VER's recorded following the onset of each episode and within 14 min of the blood sample were compared with previous VER's in the same infant and with those recorded in the stable infants. Visual evoked responses were either not recorded during resuscitation or were not scored because of movement artifact. Following each resuscitation, another blood gas sample was obtained and the two summed VER's recorded within the subsequent 14-min period were evaluated. In six infants, blood gas measurements were obtained at least twice during the recording of an irreversible isoelectric EEC and absent VER's prior to death (Table III) . P o .,, P C o->> an d pH were measured in an Instrument Laboratory blood gas analyzer. All 24 infants studied were less than 38-week gestation. Four infants who died were 2 SD below mean weight for gestational age. The other 20 infants were of appropriate weight for gestation, which ranged from 28 to 35 weeks.
Results
A prominent summed VER to single flashes was recorded over the occipital area in all infants, and was similar in wave form and latency to that reported by others [5, 11, 16] . Infants without respiratory difficulty and less than 36 weeks postconception at the time of recording had VER's which were characterized by a prominent negative wave with a peak latency of 250-350 msec at the occipital area, frequently followed by a smaller positive and negative wave and an incon- stant late positive wave at 450-650 msec (Fig. 1) . A small positive wave preceding the first negative wave was not seen before 33-weeks postconception and was not constant until after 36 weeks.
Four hundred sixty-four summed VER's to paired flashes during 41 recording sessions were analyzed in 11 low birth weight infants without respiratory difficulty at the time of the recording (Table II) . A response to the second flash of the pair (R 2 ) was present at interstimulus intervals of 200 msec or more in all 11 infants, in all recording sessions, and for most of the trials. An R 2 was never present at interstimulus intervals of 25 msec. At interstimulus intervals of 50 msec, an R 2 was present in 20 of the trials of seven infants and absent in four infants; this probably could not be attributed to maturation, since two of the latter infants were below 32 and two were above 34-week post- (Fig. 1 ). Of the 13 low birth weight infants studied during periods of respiratory distress, apneic episodes, or airway obstruction, 11 died in the neonatal period (Table I) . Since all infants with respiratory difficulties were 35 weeks or less postconception when initially studied, the prominent negative wave 250-350 msec following the stimulus was identified as i?! or R 2 . When compared with results from the stable infants, the following VER abnormalities occurred alone or in combination in seven infants at the onset and during severe respiratory difficulty: absent R lt absent R t and R 2 , and a marked decrease in R x and R 2 amplitude (Table III) . A decrease in amplitude of the summed R 1 or R 2 to one-third or less that of the immediately preceding VER was considered significant inasmuch as an acute decrease of that magnitude was not noted in any of the stable infants less than 35 weeks postconception. Abnormalities in evoked responses were not noted in any of the seven infants until marked hypoxemia caused by prolonged apnea or airway obstruction occurred; all seven were treated at some time during their nursery course with endotracheal intubation and mechanical ventilation.
When severe hypoxia persisted, complete loss of VER's and an isoelectric EEG or a marked decrease in EEG amplitude were observed in six infants; in four of them, VER's returned to normal following resuscitation. These severe bioelectric abnormalities are therefore reversible if blood gases return toward normal before severe brain dysfunction occurs (Figs. 2 and 3) . After repeated or severe and prolonged hypoxemia, an isoelectric EEG and absent VER's were recorded for 30 min and up to 8 hr prior to cessation of heart activity in six infants; resuscitative efforts resulted in the return of blood gases toward normal in four of the six infants during the terminal period of absent EEG activity (Table III) . In two infants (subjects 1 and 2, ing EEG recording in this group disclosed P o ., values ranging from 47 to 290 mm Hg (Table III) ; after the EEG and evoked response recordings were discontinued, the clinical condition of five of these six infants worsenend and death followed severe hypoxemia or prolonged apnea, or both.
Of 10 infants who had neuropathologic examination, intracranial hemorrhage was found in 9 and intracerebral hemorrhage in 6. Five of the latter infants had abnormal neonatal VER's. Thrombosis of the portal and umbilical veins was also noted in two, and focal necrosis of the liver in one other infant given fluids via an umbilical vein. Arterial thrombosis was not found in any of the infants given fluids via an umbilical artery catheter or in whom blood samples were obtained from the umbilical artery.
One of the infants with abnormal summed VER's during two separate periods of apnea survived (subject 5, Table III ). When last examined at age 27 months, the child's neurologic and developmental examination was normal, although he displayed hyperactive behavior. Normal VER's obtained in those neonatal infants without respiratory difficulties were not necessarily associated with normal neurologic examination in later infancy. Follow-up examinations were obtained in five infants after 1 year of age, and three were neurologically normal. In one of the two children with developmental retardation, prolonged apnea occurred at birth, yet normal VER's were recorded at age 30 hr and at 2-week intervals for six sessions. The other infant with normal neonatal VER's and EEG's who is known to have developmental retardation did not have a history of asphyxia at birth or complications in the neonatal period.
The acute changes noted in the amplitude of the summed VER during episodes of hypoxemia and following resuscitation in a low birth weight infant are illustrated in Figure 2 (subject 1, Table III ). Recording was begun at age 29 hr. Following each of four separate episodes of severe hypoxemia associated with loss of evoked responses, successful resuscitation was accomplished, with immediate return of VER's. An isoelectric tracing with absent summed VER's followed the fifth hypoxemia episode, and cardiac action ceased 3.5 hr later. Figure 3 (subject 3, Table III ) illustrates the loss of R x but not R 2 at the onset of hypoxemia, followed by the loss of both responses. Cardiac action ceased after 8 hr of isoelectric EEG tracing and absent VER's.
The ink-writer EEG's were not completely analyzed for amplitude or frequency, but intervals recorded during abnormal responses were reviewed. In general, a marked decrease in EEG amplitude usually occurred during each period of severe hypoxemia associated with abnormal or absent VER.
Discussion
Although hypoxemia and, to a lesser extent, hypercapnia and acidosis may be injurious to nerve tissue, a causal relation between neonatal respiratory disorders and brain injury is uncertain. In an autopsy study of premature infants, respiratory difficulties, especially apnea, during the neonatal period were associated with intracranial hemorrhage and damage to the highly active and cellular periventricular area [2, 15] ; yet in a follow-up study of low birth weight infants, there was no unexpected increased incidence of neurologic sequelae among the survivors of neonatal respiratory distress [1] . Primary brain hemorrhage, rather than an effect of hypoxia, may be the cause of respiratory difficulty and apneic episodes [12] . Electroencephalogram recordings during neonatal respiratory difficulties may therefore be helpful in evaluating possible injurious effects of hypoxemia on cerebral bioelectric activity. Hypoxemia resulting in cerebral hypoxia alters EEG activity in animals and in adult man [9] , but little similar information about human newborns is available. In a study of low birth weight infants with severe neonatal respiratory disease, EEG amplitude decreased significantly when P 02 measurements in umbilical arterial blood decreased to below 40 mm Hg or when a rapid fall from high normal values to approximately 40 mm Hg occurred [14] . Virtually no EEG activity was present during the first 24 hr of life in infants less than 25-week gestation and in infants between 28-and 34-week gestation who had experienced birth asphyxia, yet inactive EEG's were not necessarily incompatible with survival and apparently normal development. Also, in another report [3] , prolonged periods of markedly low voltage EEG activity were described in otherwise normal premature infants of 36 weeks or less postconception. Thus, in young premature infants, the routine EEG is limited by the difficulty in defining abnormal tracings.
Visual evoked response studies in the neonatal period have been of value in evaluating the maturation of brain electrical activity [5, 8] , yet the clinical usefulness of recording VER's in the neonatal period is at present uncertain. Visual evoked response abnormalities, not well described, have been reported in neonatal infants with suspected perinatal brain damage [10] ; Visual evoked responses in low birth weight infants 209 but, because intra-and intersubject variability in characteristics of summed VER's recorded from normal infants has not been satisfactorily explained, changes must be marked or the response must be absent before being considered abnormal [6] . Also, abnormal responses are in general nonspecific and their prognostic significance unknown, whereas normal responses do not necessarily imply functional or structural integrity of visual pathways [7] . In this report, recordings were analyzed for the presence or absence of the summed response and for marked depression of amplitude to avoid the difficulty in interpretation of more variable wave form characteristics. Absent summed VER's to both single and paired flashes were noted only in infants with respiratory disorders. In the stable infants, 96.5% of summed VER's to paired flashes of 200-msec or greater interstimulus interval disclosed both an R 1 and R 2 ; an absent R x was observed in only 1.3% of the summed VER's regardless of the interstimulus interval of the paired stimuli (Table II) . Thus, absence of summed VER's to single flashes or to either of the paired flashes of 200-msec or more interstimulus interval was a relatively certain abnormality and easily recognized by visual inspection of the recordings.
An evoked response to the second stimulus of the paired flashes presumably depends upon rapid repolarization of neurons within the visual system, and theoretically may be a more sensitive indicator of abnormal brain metabolism than responses to a single flash. Therefore, absence or marked depression of a summed R 1 in the presence of a summed R 2 , as found in five of the infants during severe respiratory difficulties (Table  III) , was unexpected and is not easily explained. Possibly, temporal recruitment occurred during hypoxemia or, alternatively, latency of i?j increased and R 2 was indeed absent. However, the amplitudes of summed responses to single flashes were also markedly diminished during episodes of presumed hypoxemia in two infants while latencies changed less than 100 msec. Also, in those summed VER's with a labeled R 2 only, the latency of the wave was always that expected for the interstimulus interval of the flash pair when compared with normal VER's in the same infant (Fig. 3) . This explanation for the single response to paired stimuli, however, could be proved only by determining the latencies of summed responses to single and paired flashes delivered alternately during the same recording period. The abnormalities in VER's are probably not due to effects on the retina, which is more resistant to hypoxemia than the cerebrum [13] . Since normal VER's recorded during the neonatal course were associated with abnormal development at follow-up in two of the five infants examined after age 1 year, prenatal or perinatal brain injury may have occurred without simultaneous or subsequent change in VER's. Alternatively, the developmental abnormalities may have been the result of injurious agents and environmental factors in the postneonatal period.
The exact range of blood gas values associated with abnormal VER's could not be determined in our study. Blood pressure was not monitored and, when severe hypoxemia occurred, P 002 and blood pH were usually also markedly abnormal. P C02 . blood pressure, and, to a lesser extent, blood pH, by their influence on cerebral blood flow, may alter the effects of hypoxemia on brain. Also, previous cerebral damage from any cause may irreversibly change EEG activity regardless of subsequent resuscitation and blood gas measurements ( Fig. 3 and Table III) . Therefore, a correlation between P 02 values alone and EEG measurements are difficult to establish. Nevertheless, the limits of hypoxemia beyond which VER's became abnormal were determined in seven infants, and absent VER's with an isoelectric EEG following resuscitative efforts were indications of irreversible brain damage incompatible with survival in six infants age 6 hr to 3 days. The present study therefore describes a method for measuring objectively the bioelectric reactivity in infants with neonatal respiratory disorders. In an individual infant, the absence of summed responses to single or paired flashes during or following severe respiratory difficulty suggests an adverse effect of hypoxemia on brain electrical activity. Further studies are necessary to determine the long range prognostic significance of VER abnormalities in the neonatal period.
Summary
Summed visual evoked responses to paired light flashes were recorded from the midline occipital scalp region in 24 low birth weight infants during the neonatal period. Thirteen infants were studied during acute respiratory difficulties, and abnormalities in VER's were noted in seven of them. In some, VER's returned to normal following resuscitation, indicating that severe EEG abnormalities may be reversible if severe hypoxemia is corrected before permanent brain damage occurs. Significant intracerebral hemorrhages were present at autopsy in all infants who had abnormal evoked responses and who had neuropathologic examinations. Normal VER's obtained in infants without respiratory disorders were not of reliable predic-210 GRAZIANI, WEITZMAN, AND PINEDA tive value since they were not necessarily associated with normal neurologic examination in later infancy. The results of the study suggest that, in an individual low birth weight infant with respiratory difficulty, the acute harmful effect of severe hypoxemia on brain electrical activity may be disclosed by recordingsummed responses to single and paired flashes.
